Wetlands can be effective sinks for NPS N loads across a wide range of conditions. Nitrate removal efficiency is a function of HLR and temperature.
INTRODUCTION
The impacts of chemical intensive agriculture are a special concern in the U.S. Corn Belt. This region is characterized by intensive row crop agriculture, and nitrogen (N) loads to surface waters are among the highest in the Mississippi River Basin (Dale et al., 2010) . Nitrate is a particular concern because of (1) widespread use of N fertilizer in modern agriculture, (2) high mobility of nitrate in surface and groundwater, and (3) potential adverse impacts on both public health and aquatic ecosystems. In addition to the local impacts on receiving waters in the Corn Belt, nitrate loads from the region are a primary contributor to hypoxia in the Gulf of Mexico (Dale et al., 2010) .
The problem of excess N loads can be ameliorated by a combination of in-field and off-site practices, but the limitations and appropriateness of alternative practices must be considered.
Although soil N transformations involve complex spatial and temporal patterns, N is transported from cultivated fields primarily by leaching of nitrate in subsurface flow (Baker et al., 2008) . Whereas ammonium is often bound by the ion exchange complex in most Corn Belt soils, nitrate is freely mobile and easily transported with infiltrating water. In addition, much of the Corn Belt is underlain by networks of subsurface drainage tile which provide a primary pathway for nitrate transport to surface waters (Baker et al., 2008; Dale et al., 2010; Kalcic et al., 2018) . As a result, many conservation practices suited primarily to surface runoff have little opportunity to intercept nitrate loads in these landscapes.
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By contrast, wetland restoration is a particularly promising approach for heavily tile-drained areas like the Corn Belt. This region was historically rich in wetlands, and in many areas, farming was made possible only because of extensive drainage (Dahl, 1990; Mitsch and Gosselink, 2000; Mitsch et al. 2001) . As a result, there are opportunities for wetland restoration throughout the region and the potential to position restored and constructed wetlands to intercept N transported in tile flow. If wetlands are to serve as long-term nitrogen sinks, then load reductions must reflect net storage in the system through accumulation and burial or net loss from the system through denitrification.
Wetlands provide significant potential for denitrification, and could be particularly effective at reducing elevated nitrate loads associated with agricultural drainage (Mitsch et al., 2001 (Mitsch et al., , 2005 Braskerud, 2002; Crumpton, 2005; Crumpton et al., 2008; Kadlec, 2012) .
The effectiveness of wetlands in reducing N exports from agricultural catchments will depend on the magnitude, timing, and form of N loads, and on the capacity of the wetlands to remove N though sequestration or denitrification. In contrast to treatment wetlands receiving more stable flows and loads, wetlands receiving nonpoint source (NPS) loads are subjected to widely varying hydraulic and nutrient loading rates, which could dramatically affect their nutrient removal performance (Tanner and Kadlec, 2013) . Although many studies report significant nutrient reduction by wetlands (Kadlec, 2012; Land et al., 2016) , there is considerable variability in performance among wetlands, and adequate performance data are available for a relatively small number of field-scale systems receiving unregulated NPS loads (cf Kadlec, 2012) .
For the current study, we measured the N removal performance of multiple wetlands receiving NPS loads across a wide range of hydraulic and nutrient loading rates to evaluate wetland This article is protected by copyright. All rights reserved. 5 effectiveness in reducing agricultural NPS N loads and to evaluate the effects of major factors controlling wetland performance.
MATERIALS AND METHODS
Study sites were selected as part of an ongoing monitoring program associated with the Iowa Conservation Reserve Enhancement Program (CREP). The Iowa CREP is a targeted, performancebased strategy for nitrate reduction in tile-drained landscapes (http://www.iowaagriculture.gov/waterResources/CREP.asp). Since the program's inception in 2001, 88 wetlands have been restored through the Iowa CREP with the explicit goal of intercepting and reducing NPS nitrate loads. These wetlands total over 300 ha of pool area and intercept NPS loads from approximately 45,000 ha of primarily cultivated cropland. As an integral part of the Iowa CREP, we monitor a representative subset of wetlands each year and perform mass balance analyses to document N reduction. For the current study, we analyzed results for 26 wetlands (Figure 1 ) which were monitored for 1 to 8 years each, representing a total of 69 "wetland years" of data (a wetland year represents one year of data for one wetland; cf. Kadlec, 2012) . The study wetlands were selected to span a wide range in wetland-to-watershed area ratio and inflow nitrate concentration in order to ensure a broad range in hydraulic and nitrate loading rates.
Site characteristics
The study wetlands were located at the outlets of small, tile-drained catchments ranging from 207 to 1343 ha in size and with land use ranging from 31 to 95% row crop agriculture. At these This article is protected by copyright. All rights reserved. 6 landscape positions, the wetlands receive the combined surface and subsurface flow from their catchments, and the nutrient loads to the wetlands represent both surface and subsurface nutrient exports. Each of the wetlands had a single major inflow (except one site with two inflows) and discharged at a single outflow control structure.
Study sites included 22 wetlands restored under the Iowa CREP, two under the Wetland Reserve Program (WRP), one under the Prairie Pothole Joint Venture Program (PPJV), and one as a mitigation wetland. Wetlands ranged in age from 2 to 13 years at the time of monitoring. All of the study sites had been drained and cropped or pastured prior to restoration, and were predominately characterized by poorly to very poorly drained hydric soils. Restorations utilized the natural topography at each site with limited earthwork other than that required to create low earthen dikes with integrated overflow structures, and in a few cases submerged berms to reduce potential short circuiting. Wetland bathymetry was determined from as-built construction plans or bathymetric surveys. Wetland area at full pool ranged from 1.21 to 10.5 ha and wetland-to-watershed area ratios ranged from 0.25 to 3.5%. Average depth at full pool ranged from 0.33 to 0.86 m.
The wetlands were surrounded by vegetative buffers that were at least 1.7 times larger than the wetland pool area, and most of the buffers had been seeded with a mix of native grasses and forbs at the time of restoration. Wetland vegetation included submersed aquatics dominated by Potamogeton and Ceratophyllum with sparse to dense emergent zones dominated by Typha, Sagittaria, and Scirpus. This article is protected by copyright. All rights reserved.
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Hydrology
Wetlands were continuously monitored for flow, temperature, and water level during the ice free period, typically mid-March or early April through mid-November or early December. Wetland water depths and temperatures were measured in stilling wells at 5 minute intervals using stage recorders with integrated thermistors (Levelogger; Solinst). Dynamic water depths were subsequently used to estimate time-varying pool areas and volumes using depth-volume and areavolume relationships determined from bathymetric data for each wetland. Inflows and/or outflows for each wetland were measured using either submersed area velocity meters (monitored at 5minute intervals) and channel-specific cross-sectional profiles at the monitoring location, or with inchannel compound weirs. In the latter case, water depths were monitored at 5-minute intervals upstream of each weir, and this information was subsequently used to calculate discharge using weir flow equations derived for each structure. The discharge equations used for each in-channel weir structure were calibrated to point measurements of flow using the 0.6 depth method (Buchannan and Somers, 1969) and a side-looking, handheld Doppler velocimeter (FlowTracker, SonTek USA).
During winter months, after the removal of flow monitoring equipment, flows were estimated based on nearby USGS gage station discharges adjusted to the contributing area for each wetland.
Precipitation data were obtained from either the Iowa Environmental Mesonet (http://mesonet.agron.iastate.edu/agclimate/index.phtml) or the National Climatic Data Center (https://www.ncdc.noaa.gov/data-access) for local weather stations in close proximity to each wetland. Evapotranspiration (ET) losses from each wetland were assumed to equal potential evapotranspiration (PET). Daily PET values were obtained from the Iowa Environmental Mesonet.
Seepage rates were estimated for each wetland using differences between observed declines in pool volumes and ET during periods when precipitation, inflows, and outflows were zero. This article is protected by copyright. All rights reserved.
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Water budget models were constructed for each system based on daily values for inflow (Q in ), outflow (Q out ), precipitation (P), evapotranspiration (ET), seepage (S), and net change in wetland volume ( (Equation 1). For each wetland, Q in , P, ET, and S were input as values, and Q out was calculated based on resulting changes in pool elevations (reflecting using calibrated weir equations.
[1]
Average hydraulic loading rate (HLR; m d -1 ) was calculated as the total annual inflow ( averaged over the number of days having flow (n), divided by the wetland full pool area (A f ) (Equation 2).
[2]
Nitrogen
Wetlands were sampled year-round using a combination of manual grab samples and automated, programmable samplers. Weekly grab samples were collected year-round at wetland inflows and outflows. Automated samplers were used to collect daily composite samples at wetland inflows and outflows when temperatures allowed, typically from about mid-March or early April through mid-November to early December. Daily composite samples were composed of four This article is protected by copyright. All rights reserved. 9 subsamples collected at six hour intervals. Sample bottles were pre-acidified using sufficient 0.1% sulfuric acid to preserve the sample at pH<2 (cf. Burke et. al. 2002) .
Unfiltered water samples were analyzed for nitrate plus nitrite combined (hereafter referred to as nitrate) and for total N (TN). Nitrate analyses were conducted using second-derivative spectroscopy (Crumpton et al., 1992) with an Agilent UV/VIS spectrophotometer running Hewlett Packard ChemStation software. TN assays were conducted using the Standard Methods (1998) persulfate digestion method modified for use with the second-derivative spectroscopic method for nitrate analysis (Crumpton et al., 1992) . Total reduced N (TRN) was calculated as TN minus nitrate-N and can be considered as approximately equivalent to total Kjeldahl N (cf. Patton and Kryskalla, 2003 [3]
In equation 3, N is the annual mass change in water column N and was calculated based on measured N concentration and volume of the wetland. N in is the mass N delivered with inflow and was calculated as the sum of the daily product of the N concentration and volume of inflow. PN in is This article is protected by copyright. All rights reserved. Load-weighted average temperature (LWAT) was used to represent the average temperature weighted for the timing of nitrate load delivered to the wetland and was calculated as
where T(t) and L(t) are the wetland pool water temperature and nitrate load delivered to the wetland, respectively, at time t. The integrals were approximated as sums of daily average values.
RESULTS AND DISCUSSION
Hydrology
The wetlands experienced a wide range of weather conditions over the period of the study, which encompassed both extended droughts and record floods. Annual precipitation varied fivefold, ranging from 0.32 to 1.7 m yr -1 . Annual average hydraulic loading rates varied by a factor of about 30 across all wetlands and years, ranging from 0.013 to 0.42 m d -1 . Load-weighted average temperature ranged from 8.4 to 18.4°C.
On average, 49% of the total annual inflow occurred during April, May, and June (ranging from 18 to 94%). Inflows were generally low through July and August, increased slightly in early fall, and were low from November through February (Figure 2) . December, January, and February accounted for 12% of annual inflows (ranging from near 0 to 37%).
Inflows and outflows were the dominant components of the annual water budgets for all wetlands. Averaged across all wetlands and years, inflows accounted for 97% of annual water inputs (ranging from 84 to 99%), and outflows accounted for 91% of outputs (ranging from 54 to 99%).
Direct precipitation onto the wetlands averaged 3% of annual inputs, ranging from 1 to 16% across wetlands and years. Evapotranspiration (ET) from the wetlands averaged 5% of annual outputs, ranging from 1 to 36% across wetlands and years. Seepage losses averaged 5% of annual outputs, ranging from near 0 to 31% across wetlands and years. Precipitation, ET, and seepage accounted for a larger fraction of water budgets during low flow periods and during dry years, and their relative importance was strongly and inversely related to HLR (Figure 3) .
The relatively small seepage losses from these wetlands reflect their soils and landscape position. The study sites were characterized by poorly to very poorly drained hydric soils. Prior to settlement and drainage, these sites would have been predominately wetland depressions, swales, or flats located well above stream headwaters in the pre-settlement landscape. In the modern landscape, the sites sit at or just below the headwaters of post-settlement stream channels or drainage ditches. In this respect, the wetlands examined here are similar to remnant depressional wetlands like Eagle Lake Marsh (Davis et al., 1981) which intercept significant tile drainage and discharge directly to streams. Much higher seepage losses are typically reported for wetlands constructed alongside channels in stream floodplains (Hey et al., 1994; Larson et al., 2000; Mitsch et al., 2014; Groh et al., 2015) .
N concentrations and loads
Concentrations and loads of TN, nitrate-N, and TRN varied considerably among the wetlands and for a given wetland over time. TN and nitrate concentrations measured at wetland inflows ranged from below detection at 0.1 mg N L -1 to a maximum of 58 mg N L -1 for TN and 52 mg N L -1 for nitrate-N. Seventy percent of the daily values exceeded the drinking water standard of 10 mg nitrate-N L -1 .
Annual FWA nitrate-N concentrations at inflows varied by an order of magnitude across sites and
This article is protected by copyright. All rights reserved. 13 years, ranging from 4.0 to 29.6 mg nitrate-N L -1 with an overall mean of 13.0 mg nitrate-N L -1 (n=69).
Annual FWA TN concentrations at inflows ranged from 5.3 to 31.7 mg N L -1 with a mean of 13.9 mg N L -1 (n=61). Annual FWA TRN concentrations at inflows ranged from 0.2 to 2.1 mg N L -1 with a mean of 0.7 mg N L -1 (n=61). The measured concentrations of nitrate and TN span most of the range reported for wetlands receiving point source (PS) and NPS loads (Kadlec, 2012 Temporal TN and nitrate loads were strongly correlated with discharge ( Figure 2 ). This could be expected since loads are the product of concentration and discharge, and since discharge varies over several orders of magnitude. TN and nitrate loads generally increased to their highest levels during high flow periods in spring, and declined with decreasing flow during summer and fall ( Figure 2 Outflow accounted for 68% of TN outputs (ranging from 17 to 95%) and 64% of total nitrate outputs (ranging from 9 to 90%).
Water column storage, precipitation, and seepage were relatively minor components of the annual N budgets for these wetlands. Storage averaged -0.4% of nitrate inputs (ranging from -2.9 to +3.9%), and precipitation accounted for only 0.1% of total nitrate inputs (ranging from near 0 to 1.1%). Seepage losses averaged 2.0% of the total nitrate outputs (ranging from near 0 to 9.6%). It is likely that nitrate transported with seepage was denitrified in underlying sediments. However, this was not assumed in our calculations of nitrate or TN removal ( ), and it would have made little difference in our estimates of . The small fraction of N loss in seepage reflects the relatively small contribution of seepage to water budgets in the study wetlands. Seepage is frequently a much more significant component of N budgets for wetlands constructed alongside stream or river channels (Mitsch et al., 2014; Groh et al., 2015) .
Nitrogen removal efficiency and mass removal rates
All of the wetlands were sinks for TN and nitrate. On average, the wetlands reduced annual TN loads by 30% (ranging from 5 to 83%) and nitrate loads by 35% (ranging from 9 to 92%). Mass TN removal ranged from 119 to 3050 kg N ha -1 yr -1 , with an average of 1440 kg N ha -1 yr -1 . Mass nitrate-N removal ranged from 115 to 3410 kg N ha -1 yr -1 , with an average of 1500 kg N ha -1 yr -1 . The slightly lower TN removal rates reflect a small export of TRN for most sites (82%), averaging 66 kg N ha -1 yr -1 .
These rates of TN and nitrate-N removal are higher than typically reported for Corn Belt wetlands receiving NPS loads (Mitsch and Day 2006; Crumpton et al. 2007 Crumpton et al. , 2008 Kadlec 2012 ) but comparable to those reported for systems elsewhere receiving similarly high loading rates (Braskerud 2002; Kadlec and Wallace 2009; Tanner and Sukais 2011) .
Eighty two percent of the N budgets showed a net export of TRN (n=61), which likely reflects the relatively low concentrations and loading rates of TRN. Although nitrate can be reduced to essentially zero, removal of TRN is constrained by an irreducible background concentration (Kadlec and Wallace 2009). As noted above, TRN concentrations in wetland inflows were similar to the range for irreducible background concentrations of TKN given by Kadlec and Wallace (2009) for free water surface treatment wetlands. The net export of TRN was relatively small, equivalent to 4% of the nitrate removed by the wetlands and representing a small but statistically significant (p<0.001) increase of 0.24 mg L -1 in outflow TRN concentration to 0.91 mg N L -1 . This is very similar to the average TKN concentration for 17 stream monitoring stations in the same area as the wetlands we This article is protected by copyright. All rights reserved.
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studied, and about 10% lower than the annual FWA TKN concentration for these stream stations (calculations not shown, https://www.iowadnr.gov/environmental-protection/water-quality/watermonitoring/streams). A similar increase in TRN (approximately 0.2 mg L -1 as primarily organic N) was reported for Corn Belt wetlands in Illinois, Ohio and Iowa (p. 159 in Dale et al., 2010) . Such small increases in TRN would have little effect on the efficiency of wetlands subjected to substantially elevated nitrate loads from agricultural drainage.
Controlling factors
The N removal performance of wetlands can be strongly related to HLR and temperature (Crumpton et al., 2008; Kadlec and Wallace, 2009; Kadlec 2012; Land et al., 2016) . Land et al. (2016) analyzed results for over 200 wetlands receiving treated wastewater or urban or agricultural runoff, concluding that created and restored wetlands can significantly reduce N and phosphorus loads (ca. 40 to 50%) and that removal efficiencies were significantly correlated with HLR and temperature. Kadlec (2012) summarized results for 234 constructed treatment marshes, illustrating the importance of HLR, temperature and concentration on N removal performance and providing guidance on design criteria for concentration or load reductions.
For the current study, the effects of HLR are reflected by greater declines in nitrate concentration between wetland inflows and outflows for systems with lower HLRs (Figure 4) were statistically significant at the 0.01 level (R 2 =0.93). HLR had the greatest influence on wetland NRE followed by temperature ( Figure 6 ).
(
) .
[6]
Given the effect of temperature on NRE and the importance of springtime N loads to Gulf hypoxia (Dale et al., 2010) , we also calculated springtime NRE and found no significant difference between springtime and annual NRE. For the period April through June, NRE was linearly related to annual NRE with a slope of 1.0 and R 2 = 0.95. This does not suggest that seasonal patterns in temperature and nitrate load had no effect but rather that the annual NRE already incorporates the effects of higher springtime nitrate loads when temperatures are low. Equation 6 would predict higher NREs if loading patterns shifted to warmer seasons.
It is important to recognize that mass nitrate removal can increase with HLR despite a decrease in NRE, because the lower percent removal is offset by higher nitrate loads (Kadlec 2005 (Kadlec , 2012 . For equations 5 and 6, the rate of increase in mass removal declines with increasing HLR and begins to level out near a HLR of about 0.1 m d -1 (Figure 7) . Above average HLRs of about 0.1 m d -1 , mass removal rates tend to be similar across a relatively broad range of higher hydraulic loading rates for a given inflow nitrate concentration despite differences in percent removal (cf. Kadlec 2005 Kadlec , 2012 .
As HLRs increase from 0.1 and 0.4 m d -1 , NREs would decline by a factor of three (from 35 to 11%), while mass removal would increase only about one fourth (Figure 7) . The relative error for mass removal is larger at the lower percent removal associated with higher HLRs (cf. Kadlec, 2012) , and there is limited prior work on this effect in unregulated, field-scale wetlands. However, in experimental wetlands, Bastviken et al. (2009) found similar mass removal rates between HLRs of 0.13 and 0.39 m d -1 despite a 3-fold difference in percent removal.
Potential applications
If wetlands are to be effective in reducing NPS nitrate loads, they must be positioned to intercept significant nitrate loads and must be of sufficient size to adequately treat the loads they receive. Two wetlands with the same HLR can have similar NREs but very different rates of mass removal if the N concentrations entering the two wetlands differ (Figure 7) . This suggests an advantage of siting wetland restorations close to the source where concentrations are typically highest. For any given location, load reductions can be increased by increasing the area of wetland, but with diminishing returns reflected by declining rates of mass removal per area of wetland (cf. Kadlec, 2012) . Evaluating the effectiveness of alternative restoration scenarios requires developing quantitative estimates of mass removal and considering the effects of wetland size on both NRE and mass removal. Our results provide a reasonable basis for estimating the average performance of planned wetland restorations based on a few simple metrics to estimate the expected NRE and mass load. This basic approach was illustrated by Tomer et al. (2013) to estimate nitrate load reductions for alternative wetland restoration scenarios in a HUC-12 Corn Belt watershed, and by Crumpton et al. (2007 Crumpton et al. ( , 2008 to estimate potential nitrate load reductions from large scale wetland restorations in the U.S Corn Belt. However, these analyses relied on an earlier relationship that was based on a sparser dataset of primarily experimental wetland systems, including systems with pumped flows (Crumpton et al., 2007 (Crumpton et al., , 2008 Dale et al., 2010) , and did not account for the effects of temperature.
Equations 5 and 6 are based on a much richer dataset of field-scale wetlands subjected to an exceptionally wide range of loading and weather conditions, and Equation 6 explicitly accounts for the effects of temperature.
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It is important to note that the use of k in equations 5 and 6 is not equivalent to its use in dynamic models. The relationships derived in this study reflect the annual average performance for unregulated, field-scale wetlands subject to the prevailing patterns during the study including variability in flow, load, and hydraulic efficiency. Equations 5 and 6 are fitted to annual averages, and their solutions should not be applied to shorter-term estimates such as monthly or seasonal time periods.
Conclusion
The results of this study demonstrate that wetlands subjected to unregulated and highly variable NPS N loads can be effective sinks for NPS nitrate and TN loads across a broad range of conditions, and that average nitrate removal efficiency can be reasonably predicted based on hydraulic loading rate and temperature. At our study sites, N loads were primarily in the form of nitrate (95% of TN load), and all of the wetlands monitored were effective in reducing both nitrate and TN loads. Most of the wetlands were net exporters of TRN, but the export amounted to a very small fraction of the nitrate-N loss and has little effect on net N removal in wetlands subjected to elevated nitrate loads.
Nitrate and TN removal rates averaged 1500 and 1440 kg N ha -1 yr -1 , respectively, with the slightly lower TN removal rates reflecting a net export of TRN averaging 66 kg N ha -1 yr -1 . The average nitrate-N and TN removal rates observed for these systems are higher than reported for most Corn Belt wetlands, but comparable to rates reported elsewhere for wetlands receiving similarly high N loads. 
